Severely birth-asphyxiated human infants develop delayed ("secondary") cerebral energy failure, which carries a poor prognosis, during the first few days of life. This study tested the hypothesis that mild hypothermia after severe transient cerebral hypoxia-ischemia decreases the severity of delayed energy failure in the newborn piglet. Six piglets underwent temporary occlusion of the common carotid arteries and hypoxemia. Resuscitation was started when cerebral [phosphocreatine (pCr)]! [inorganic phosphate (Pi)] as determined by phosphorus magnetic resonance spectroscopy had fallen almost to zero and [nucleotide triphosphate (NTP)]![exchangeable phosphate pool (EPP)] had fallen below about 30% of baseline. Rectal and tympanic temperatures were then reduced to 35°C for 12 h after which normothermia (38.5°C) was resumed. Spectroscopy results over the next 64 h were compared with previously established data from 12 piglets similarly subjected to transient cerebral hypoxia-ischemia, but maintained normothermic, and six sham-operated controls.
Severely birth-asphyxiated human infants develop delayed ("secondary") cerebral energy failure, which carries a poor prognosis, during the first few days of life. This study tested the hypothesis that mild hypothermia after severe transient cerebral hypoxia-ischemia decreases the severity of delayed energy failure in the newborn piglet. Six piglets underwent temporary occlusion of the common carotid arteries and hypoxemia. Resuscitation was started when cerebral [phosphocreatine (pCr)]! [inorganic phosphate (Pi)] as determined by phosphorus magnetic resonance spectroscopy had fallen almost to zero and [nucleotide triphosphate (NTP)]![exchangeable phosphate pool (EPP)] had fallen below about 30% of baseline. Rectal and tympanic temperatures were then reduced to 35°C for 12 h after which normothermia (38.5°C) was resumed. Spectroscopy results over the next 64 h were compared with previously established data from 12 piglets similarly subjected to transient cerebral hypoxia-ischemia, but maintained normothermic, and six sham-operated controls.
The mean severity of the primary insult (judged by the time integral of depletion of [NTP]![EPP]) was similar in the hypoCerebral energy metabolism, assessed by 31p MRS, in human infants who suffer severe birth asphyxia is usually normal on the first day of life (1 MABP, and blood glucose concentration , was termed "delayed" or "secondary" energy failure, on the presumption that it was initiated by a preceding "primary" episode of energy imp airment occurring before birth which had resolved with resuscitation. The severity of secondary energy failure is closely related to the chances of death or severe neurodevelopmental disability and microcephaly (1) .
If the primary insult cannot be avoided by appropriate obstetric interventions, then it may be possible to interrupt the progression to secondary energy failure and its associated delayed neuronal death (2) . One approach is to induce hypothermia. Deep hypothermia during hypoxia-ischemia is Tympanic Rectal neuroprotective (3), but to be clinically useful in asphyxiated infants, hypothermia should preferably be mild and must be effective when started after the acute insult. Evidence for or against a potentially beneficial effect is very conflicting (4) (5) (6) (7) . We have recently demonstrated that the progression from primary to secondary cerebral energy failure could be reproduced in the newborn piglet, and that the severity of the primary and secondary phases were directly related (8) . The purpose of the present investigation was to test, in the same model, the hypothesis that mild hypothermia started immediately after a severe transient cerebral hypoxic-ischemic insult would reduce the severity of the subsequent secondary energy failure.
METHODS
These studies were carried out with Home Office approval and according to UK guidelines. Six healthy Large White piglets weighing 1.36-2.06 kg (median 1.61 kg) aged <24 h were studied. Full details of the methods used in the maintenance and monitoring of the piglets including observations of the brain by 31p MRS, and of the procedures used to impose a severe transient hypoxic-ischemic cerebral insult have been given previously (8) . Briefly, anesthesia was induced by inhalation of 5% isoflurane followed by tracheostomy and ventilation with nitrous oxide, oxygen and isoflurane «1.5%). Rectal and tympanic (pediatric tympanic thermistor probe 400 series, Portex, Hythe, UK) temperatures were kept normal for newborn piglets, 38.5-39.0°C. While inside the bore of the magnet the piglet was placed on a temperature-regulated water-filled mattress. Monitoring of vital functions and full intensive care were continued throughout.
31 P MRS. Spectra were acquired continuously with a 7 tesla Bruker Biospec spectrometer (Karlsruhe, Germany). A 25-mm diameter surface coil was centered on the intact scalp over the parietal lobes, so as to obtain fully relaxed spectra from approximately 4 mL of brain tissue. The acquisition conditions and analysis were as previously described (8) . For calculations involving NTP, the f3-triplet was used, because it contained no contributions from other metabolites.
[NTP] was expressed as a fraction of the exchangeable phosphate pool [EPP] defined as
Acute cerebral hypoxia-ischemia. After stable baseline observations inside the magnet for at least 60 min the piglets underwent a cerebral hypoxic-ischemic insult brought about by occluding the common carotid arteries and reducing the inspired oxygen fraction to 0.12. The aim was to produce severe acute cerebral energy depletion as shown by a fall in [PCr] close to zero , and a fall in [NTP]/[EPP] to below about 30% of baseline. The animals were then resuscitated by releasing the carotid occlusion and temporarily increasing the inspired oxygen fraction before appropriate reduction to normalize arterial PO z . for between 2.5 and 11 h to keep MABP above 4.6 kPa.
Neuropathology. At the end of the study, animals were killed by anesthetic overdose. The brains were perfusion-fixed using 1% paraformaldehyde in PBS and examined after staining with hematoxylin and eosin by workers unaware of the experimental conditions. A quantitative assessment of damage in the cingulate sulcus (that was within the sensitive volume of the surface coil) was undertaken. In each animal about 5,000 cells were counted. Cells were classified as nonviable if they showed intense uniform nuclear basophilia, chromatin condensation, or fragmentation, or the presence of apoptotic bodies and also if cytoplasmic eosinophilia combined with nuclear lysis was observed.
Data analysis. Results from the six hypothermic piglets were compared with data previously obtained from 12 piglets similarly subjected to transient hypoxia-ischemia but maintained normothermic, and from six sham-operated controls (8) . Data were examined for normality and equality of variances, and statistically significant differences between the three groups were determined by parametric (one-way analysis of variance and Student-Newman-Keuls multiple comparison test) or nonparametric (Kruskal-Wallis analysis of variance and Dunn's multiple comparison test) methods as appropriate. To investigate whether the severity of the insult was comparable in the normothermic and hypothermic piglets, the time-integral of acute depletion of [NTP]/[EPP] from the onset of hypoxia-ischemia until 1 h after resuscitation was calculated. The mean values were similar, 0.12 (0.06) h in the hypothermic, and 0.11 (0.05) h in the normothermic piglets. The greater the time integral of depletion, the more severe the insult. (4)% in controls. The normothermic group was significantly different from both the hypothermic and the control group, and the hypothermic animals were not significantly different from controls (p < 0.05, analysis of variance). A full report of the histopathologic findings will be published separately.
RESULTS

DISCUSSION
Hypothermia has a long history in the treatment of birth asphyxia. Unresponsive infants were given cold baths in the last century. In the 1960s a number of centers claimed a reduction in brain damage (9) but the studies were not controlled. Subsequently, hypothermia went out of fashion, partly because Silverman et at. (10) had reported increased mortality and morbidity in premature infants who were hypothermic over a trial period of 5 d.
Recently, studies of adult animals have suggested a worthwhile neuroprotective effect of mild (34°C) or moderate (30°C) postinsult hypothermia continued for 1-5 h (5, 6, 11, 12) . Overall, the sooner cooling was initiated, the shorter the duration required for effective treatment (5) . Few studies of newborn animals have been done. Yager et at. (7) found no neuroprotective effect in 7-d-old rats subjected to unilateral ligation of the common carotid artery and 3 h of hypoxemia followed by cooling to either 34 or 31°C for 3 h. In contrast, preliminary data from two other similar studies have demon- Table 1 . Cerebral {PCr}/{Pi] ratios in the hypothermic (n = 6) and normothermic (n = 12) hypoxic-ischemic groups strated cerebroprotection from postinsult hypothermia in seven-(13) and 21- (14) d-old rats.
The piglet was chosen for the present studies because it is large enough for observations to be made of a wide range of systemic, as well as cerebral variables, and its brain is comparable with that of the human infant. Reversible bilateral carotid occlusion, together with hypoxemia, was used to produce a severe transient cerebral hypoxic-ischemic insult. Cooling to 35°C was started simultaneously with the start of resuscitation and was continued for 12 h. This experimental design was chosen on the premise that, if evidence of neuroprotection was found, the same approach might be clinically feasible in birthasphyxiated human infants. The hypothermic piglets were studied using the same methods as the previously reported piglets subjected to transient cerebral hypoxia-ischemia but kept normothermic and sham operated controls (8) . Data from the hypothermic piglets could therefore be compared with previously established values from these two groups. Figure 1 shows that hypothermia at the desired level was successfully achieved. The severity of the cerebral insult, judged by the depletion of [NTP]/[EPP], was similar in the hypothermic and normothermic groups. Evidence was then found that delayed energy failure was reduced in the hypothermic piglets as shown in Figures 2 and 3 As shown in Figure 3 , a close correlation was found between the extent of acute energy depletion and the severity of secondary energy failure in normothermic piglets (r = 0.91) (8) .
Values above the 95% confidence limits for this relationship were found in five of the six hypothermic piglets and the value for the remaining animal which was within these limits, after a mild insult, fell at the lower limit of values observed in control piglets. In only one hypothermic piglet, which sustained the most severe primary insult, was the minimum [PCr]/[Pi] below control values. These findings indicate a major reduction in the extent of secondary energy failure relative to the severity of the primary insult. The mechanisms involved in this protective effect are largely unknown. However, hypothermia is known to reduce the release of glutamate, modify regulatory enzymes, and protect protein synthesis. Because secondary energy failure carries such a grave prognosis in human infants, the results of this study suggest that mild hypothermia might have a therapeutic role after birthasphyxia. Before considering studies of infants, it will be important for these results to be confirmed and the most effective protocol defined. Also, the potential value of hypothermia in ameliorating hypoxic-ischemic brain injury will have to be weighed against the possible disadvantages.
